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Abstract
The cross sections for the M1–capture n + p ! D + γ, the photo–magnetic
and anti–neutrino disintegration of the deuteron are evaluated in the relativistic
field theory model of the deuteron (RFMD). By example of the M1–capture we
show that Chiral perturbation theory can be incorporated in the RFMD. We con-
sider chiral one–meson loop corrections from virtual meson transitions  ! (!; )γ,
(!; ) ! γ,  ! (!; )γ and (!; ) ! γ giving contributions to the M1–capture.
The cross sections for the photo–magnetic and anti–neutrino disintegration of the
deuteron are evaluated by accounting for final–state interaction of the nucleon pair
in the 1S0–state. The amplitudes of low–energy elastic np and nn scattering con-
tributing to these processes are obtained in terms of the S–wave scattering lengths
and the effective ranges. This relaxes substantially the statement by Bahcall and
Kamionkowski (Nucl. Phys. A625 (1997) 893) that the RFMD is unable to describe
a non–zero effective range for low–energy elastic nucleon–nucleon scattering. The
cross sections for the anti–neutrino disintegration of the deuteron averaged over the
anti–neutrino energy spectrum agree good with experimental data.
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1 Introduction
As we have shown in Ref. [1] the relativistic eld theory model of the deuteron (RFMD)
[2{6] is motivated by QCD. The deuteron appears as a neutron{proton collective exci-
tation { a Cooper np{pair induced by a phenomenological local four{nucleon interaction
in the nuclear phase of QCD. Strong low{energy interactions of the deuteron coupled to
itself and other particles are described in terms of one{nucleon loop exchanges. The one{
nucleon loop exchanges allow to transfer nuclear flavours from an initial to a nal nuclear
state by a minimal way and to take into account contributions of nucleon{loop anomalies
determined completely by one{nucleon loop diagrams. The dominance of contributions
of nucleon{loop anomalies has been justied in the large NC expansion, where NC is the
number of quark colours [1]1.
In this paper we apply the RFMD to the evaluation of the cross sections for the
radiative M1{capture n + p ! D + γ for thermal neutrons caused by the 1S0 ! 3S1
transition, the photo{magnetic γ + D ! n + p and anti{neutrino disintegration of the
deuteron caused by charged e + D ! e+ + n + n and neutral e + D ! e + n
+ p weak currents. We would like to emphasize that the main goal of the paper is
twofold: 1) not to reach at once a complete agreement with the experimental data on
the neutron{proton radiative capture, but to show that Chiral perturbation theory can
be incorporated in the RFMD, and 2) to show that the amplitudes of low{energy elastic
nucleon{nucleon scattering contributing to the reactions of the photo{magnetic and anti{
neutrino disintegration of the deuteron can be described in the RFMD in agreement with
low{energy nuclear phenomenology.
As has been found in Refs.[4{6] the cross section for the M1{capture calculated in the
RFMD in the tree{meson approximation np = 276 mb diers from the experimental data
npexp = (334:20:5) mb [7] by about 17% of the experimental value. However, as has been
shown in Refs. [8] contributions of chiral meson{loop corrections play an important role
for the correct description of the process n + p ! D + γ. The evaluation of these correc-
tions demands the use of Chiral perturbation theory. However, the application of Chiral
perturbation theory to eective eld theoretic approaches like the RFMD is not obvious
and simple. In order to show that Chiral perturbation theory can be incorporated in the
RFMD we consider chiral one{meson loop contributions of the virtual meson transitions
 ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ, where  is a scalar partner of
pions under chiral SU(2)  SU(2) transformations in Chiral perturbation theory at the
quark level (CHPT)q with a linear realization of chiral U(3)U(3) symmetry [9,10]. The
eective Lagrangian Lppγeff (x) induced by these virtual meson transitions is of anomalous
magnetic dipole kind and gives a contribution to the M1{capture only. The obtained
theoretical value np = 283 mb still diers from the experimental one. The discrepancy
of about 15% can be explained by both chiral meson{loop corrections of other virtual
meson transitions and the contribution of the (1230) resonance [8,11]. The evaluation
1In Ref.[6] we have considered a modified version of the RFMD which is not well defined due to a
violation of Lorentz invariance of the effective four–nucleon interaction describing N + N ! N + N
transitions. This violation has turned out to be incompatible with a dominance of one–nucleon loop
anomalies which are Lorentz covariant.Thereby, the astrophysical factor for the solar proton burning
calculated in Ref.[5] and enhanced by a factor of 1.4 with respect to the recommended value (E. G.
Adelberger et al., Rev. Mod. Phys. 70 (1998) 1265) is not good established.
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of chiral meson{loop corrections from any virtual meson transitions can be carried out by
using the procedure expounded below by example of the evaluation of chiral meson{loop
corrections induced by  ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ virtual
meson transitions. For the investigation of the contribution of the (1230) resonance
one can follow the procedure of the inclusion of the (1230) resonance in the RFMD
expounded in Ref.[12] by example of the evaluation of the S{wave scattering length of
low{energy elastic D scattering.
At threshold the amplitude of the photo{magnetic disintegration of the deuteron is
related to the amplitude of the M1{capture. In order to evaluate the amplitude of γ + D
! n + p for the energy region far from threshold we take into account the contributions
of the np interaction in the nal state. For this aim we sum up an innite series of
one{nucleon loop diagrams and evaluate the result of the summation in leading order in
the large NC expansion [1]. This gives the amplitude of low{energy elastic np scattering
contributing to the amplitude of γ + D ! n + p dened by the S{wave scattering length
and the eective range.
The developed technique we apply to the evaluation of the cross section for the anti{
neutrino disintegration of the deuteron e + D ! e+ + n + n and e + D ! e + n +
p. The reaction e + D ! e+ + n + n is caused by charged weak current and valued,
in the sense of charge independence of weak interaction strength, to be equivalent to the
observation of the reaction of the solar proton burning, or pp fusion, p + p ! D + e+
+ e in the terrestrial laboratories [13]. We compare the theoretical cross sections with
recent experimental data given by the Reines’s experimental group [14].
For the description of low{energy transitions N + N ! N + N in the reactions n + p
! D + γ, γ + D ! n + p, e + D ! e+ + n + n, e + D ! e + n + p and p + p ! D
+ e+ + e, where nucleons are in the
1S0{state, we apply the eective local four{nucleon
interactions [2{5]:











5 ⊗ γγ5 ! γ5 ⊗ γ5)g; (1.1)
where n(x) and p(x) are the operators of the neutron and the proton interpolating elds,
nc(x) = CnT (x) and so on, then C is a charge conjugation matrix and T is a transposition.






= 3:27 10−3 MeV−2; (1.2)
where gNN = 13:4 is the coupling constant of the NN interaction, M = 135 MeV is
the pion mass, Mp = Mn = MN = 940 MeV is the mass of the proton and the neutron
neglecting the electromagnetic mass dierence, which is taken into account only for the
calculation of the phase volumes of the nal states of the reactions e + D ! e+ + n +
n, e + D ! e + n + p and p + p ! D + e+ + e, and anp = (−23:75 0:01) fm is the
S{wave scattering length of np scattering in the 1S0{state.
The rst term in the eective coupling constant GNN comes from the one{pion ex-
change for the squared momenta transfer −q2 much less than the squared pion mass
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−q2 M2 and the subsequent Fierz transformation of nucleon elds (see Appendix B of
Ref. [6]). We should emphasize that due to Fierz transformation the eective local four{
nucleon interaction caused by the one{pion exchange contains a few contributions with
dierent spinorial structure, we have taken into account only those terms which contribute
to the 1S0{state of the NN system. The second term in Eq.(1.2) is a phenomenological one
representing a collective contribution caused by the integration over heavy meson degrees
of freedom [5,6]. This term is taken in the form used in the Eective Field Theory (EFT)
approach [15,16] for the description of low{energy elastic NN scattering. The eective
interaction Eq. (1.1) is written in isotopically invariant form, and the coupling constant
GNN can be never equal to zero at anp 6= 0 due to a negative value of anp imposed by
nuclear forces, anp < 0 [17]. Note that the contribution of the phenomenological part to
the eective coupling constant GNN makes up less than 33%.
In the low{energy limit the eective local four{nucleon interaction Eq. (1.1) vanishes
due to the reduction
[ N(x)γγ
5N c(x)][ N c(x)γγ5N(x)] ! −[ N(x)γ5N c(x)][ N c(x)γ5N(x)]; (1.3)
where N(x) is the neutron or the proton interpolating eld. Such a vanishing of the
one{pion exchange contribution to the NN potential is well{known in the EFT approach
[15,16] and the potential model approach (PMA) [17]. In power counting [15,16] the
interaction induced by the one{pion exchange is of order O(k2), where k is a relative
momentum of the NN system. The former is due the Dirac matrix γ5 which leads to the
interaction between small components of Dirac bispinors of nucleon wave functions.
In the one{nucleon loop exchange approach the contributions of the interactions
[ N(x)γγ
5N c(x)][ N c(x)γγ5N(x)] and [ N(x)γ5N c(x)][ N c(x)γ5N(x)] to amplitudes of nu-
clear processes are dierent and do not cancel each other in the low{energy limit due to
the dominance of nucleon{loop anomalies [1]. This provides the interaction between large
components of Dirac bispinors of nucleon wave functions.
The paper is organized as follows. In Sect. 2 we evaluate the eective Lagrangians
Lppγeff (x) and Lnnγeff (x) induced by the virtual meson transitions  ! (!; )γ, (!; ) ! γ,
 ! (!; )γ and (!; ) ! γ and the cross section for the M1{capture. In Sect. 3 we
evaluate the cross section for γ + D ! n + p for energies far from threshold. The con-
tribution of low{energy elastic np scattering to the amplitude of the process γ + D !
n + p is evaluated in agreement with low{energy nuclear phenomenology. This relaxes
substantially the statement by Bahcall and Kamionkowski [18] that in the RFMD due
to the local four{nucleon interaction Eq.(1.1) one cannot describe low{energy elastic NN
scattering in agreement with low{energy nuclear phenomenology. However, the problem
of the description of low{energy elastic pp scattering accounting for the Coulomb repul-
sion still remains. In Sects. 4 and 5 we evaluate the cross sections for the anti{neutrino
disintegration of the deuteron caused by charged e + D ! e+ + n + n and neutral
e + D ! e + n + p weak currents and average them over the anti{neutrino energy
spectrum. The average values of the cross sections agree good with experimental data.
In the Conclusion we discuss the obtained results.
4
2 Neutron–proton radiative capture
At low energies the neutron{proton radiative capture n + p ! D + γ runs through
the magnetic dipole transition 1S0 ! 3S1, the M1{capture. In the RFMD the amplitude
of the M1{capture calculated in the tree{meson approximation reads [3{6]2
M(n + p ! D + γ) = e (p − n) 5gV
82
GNN (~q  ~e (~q ))  ~e (~kD) [ uc(p2)γ5u(p1)]; (2.1)
where e is the proton electric charge, p = 2:793 and n = −1:913 are the magnetic dipole
moments of the proton and the neutron, respectively, measured in nuclear magnetons, gV
is a phenomenological coupling constant of the RFMD related to the electric quadrupole
moment of the deuteron QD = 0:286 fm





of the photon and the deuteron, and ~e (~q ) and ~e (~kD) { the polarization vectors of them;
uc(p2) and u(p1) are the Dirac bispinors of the neutron and the proton.













D = 276 mb; (2.2)
where k is a relative momentum of the np system. The numerical value has been computed
for k = 0, D = 2:225 MeV and v = 7:34 10−6 (the absolute value v = 2:2 105 cm s−1),
the laboratory velocity of the neutron. The theoretical value np(k) = 276 mb agrees
within an accuracy better than 10% with the theoretical value [17]
npPMA(k) = (302:5 4) mb (2.3)
calculated in the PMA for the pure M1 transition. In comparison with the experimental
data [7]
npexp = (334:2 0:5) mb (2.4)
the theoretical value Eq.(2.2) obtained in the RFMD is less by 17% of the experimental
one.
However, as has been shown in Refs. [8] chiral meson{loop corrections play an impor-
tant role for the correct description of the low{energy process n + p ! D + γ for thermal
neutrons. The evaluation of chiral meson{loop corrections in our approach demands the
incorporation of Chiral perturbation theory in the RFMD. In order to show how Chiral
perturbation theory can be incorporated in the RFMD we consider chiral meson{loop cor-
rections induced by the virtual meson transitions  ! (!; )γ, (!; ) ! γ,  ! (!; )γ
and (!; ) ! γ, where  is a scalar partner of pions under chiral SU(2) SU(2) trans-
formations in (CHPT)q with a linear realization of chiral U(3) U(3) symmetry [9,10].
The eective Lagrangians Lppγeff (x) and Lnnγeff (x), caused by the virtual meson tran-
sitions  ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ, we evaluate in leading
order in the large NC expansion [1]. The results of the evaluation contain divergent con-
tributions. In order to remove these divergences we apply the renormalization procedure
2For the details of the calculation we relegate readers to Appendix F of Ref. [6].
5
developed in (CHPT)q for the evaluation of chiral meson{loop corrections (see Ivanov in
Refs. [9]). Since the renormalized expressions should vanish in the chiral limit M ! 0 [9],
only the virtual meson transitions with intermediate {meson give non{trivial contribu-
tions. The contributions of the virtual meson transitions with intermediate {meson are
found nite in the chiral limit and subtracted according to the renormalization procedure
[9]. Such a cancellation of the {meson contributions in the one{meson loop approx-
imation agrees with Chiral perturbation theory using a non{linear realization of chiral
symmetry, where {meson like exchanges can appear only in two{meson loop approxi-
mation. Then, the sum of the contributions of the virtual meson transitions − ! −γ,
0 ! 0γ and 0 ! !γ to the eective coupling nnγ is equal to zero. Due to this the














where F(x) = @A(x) − @A(x) is the electromagnetic eld strength,  = g2=4 =
2:91 is the eective coupling constant of the !  decay, F = 92:4 MeV is the leptonic
















where p is Euclidean 4{momentum. For the numerical value of J we obtain J =
0:024M−2 .
At NC = 3 the cross section for the M1{capture accounting for the contribution of the
























= 283 mb: (2.7)
This value agrees good with the cross section for the M1{capture calculated in the PMA
Eq.(2.3).
The discrepancy between the RFMD result Eq.(2.7) and experimental data Eq.(2.4) is
still about 15%. It can be decreased by taking into account both chiral meson{loop cor-
rections of other virtual meson transitions and the contribution of the (1230) resonance
[8,11,21]. Indeed, for the evaluation of chiral meson{loop corrections one can follow the
scheme expounded by example of the evaluation of the contributions of the virtual meson
transitions  ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ. The inclusion of the
(1230) resonance can be carried out according to the scheme applied in the RFMD to
the evaluation of the S{wave scattering length of low{energy elastic D scattering [12].
3 Photo–magnetic disintegration of the deuteron
The amplitude of the photo{magnetic disintegration of the deuteron γ + D ! n + p
evaluated near threshold and accounting for chiral one{meson loop contributions of the
6
virtual meson transitions  ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ reads
M(γ + D ! n + p) = e (p − n) 5gV
82






















MN(! − "D) is the relative momentum of the np system, ! is the energy of
the photon and rD = 1=
p
"DMN = 4:315 fm is the radius of the deuteron, and 0 is equal
to

















= 6:0 mb: (3.3)
The cross section γD(!) calculated in the PMA near threshold has the same form as










= 6:3 mb: (3.4)
It is seen that numerical values of 0 dened by Eq. (3.3) and Eq. (3.4) are in good
agreement.
In order to obtain the cross section for the process γ + D ! n + p far from threshold
we take into account the np interaction in the nal state. This can be carried out by
summing up an innite series of one{nucleon loop diagrams. In this case the amplitude
of γ + D ! n + p reads











MN − p^− P^ − Q^
γ5
1
MN − p^− Q^
} ; (3.5)
where Ath is the amplitude calculated near threshold, P = p1 + p2 = (2
√
k2 +M2N;~0 ) is
the 4{momentum of the np system in the center of mass frame. Then, Q = aP + bK =
a (p1+p2)+b (p1−p2) is an arbitrary shift of virtual momentum with arbitrary parameters
a and b, and in the center of mass frameK = p1−p2 = (0; 2~k ). The explicit dependence of
the momentum integral on Q can be evaluated by means of the Gertsein{Jackiw procedure







MN − p^− P^ − Q^
γ5
1
















− 2 a (a+ 1)P 2 − 2 b2K2: (3.6)
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For the evaluation of the momentum integral over p we would keep only the leading order







MN − p^− P^ − Q^
γ5
1
MN − p^− Q^
}
=
= −8 a (a+ 1)M2N + 8 (b2 − a (a+ 1)) k2 − i 8MN k: (3.7)
The amplitude Eq.(3.5) we obtain in the form






Here we have denoted
anp = −GNNMN
2
Z ; rnp = (b












where rnp = 2:75 0:05 fm is the eective range of low{energy elastic np scattering.
Renormalizing the wave functions of nucleons
p
Z u(p1) ! u(p1) and
p
Z u(p2) !
u(p2) we arrive at the amplitude of the photo{magnetic disintegration of the deuteron




2 + i anpk
[u(p2)γ
5uc(p1)]; (3.10)
where the factor 1=(1− 1
2
rnpanpk
2+i anpk) describes the contribution of low{energy elastic
np scattering in agreement with low{energy nuclear phenomenology [17]. The amplitude






































It is seen that Eqs.(3.13) and (3.12) dier by a factor 1=(1 + r2Dk
2)2. This factor as well
as the dependence on the S{wave scattering length and the eective range [17] appears
by virtue of the integral of the overlap of the wave functions of the deuteron  D(r) and
the relative movement of the np{system in the 1S0{state  np(kr).
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In order to introduce in the RFMD the wave functions of the deuteron and the relative
movement of the np{pair we can follow Bohr and Mottelson [21] and: (1) in the initial
nuclear state jD(kD)γ(q) >= ayD(~kD; D)ay(~q; )j0 > represent the operator of creation
of the deuteron ayD(~kD; D) with 3{momentum ~kD and polarization D in terms of the
operators of creation of the proton ayp(~p; p) and the neutron a
y
n(
~kD − ~p; n) and (2) in
the nal nuclear state < n(p2)p(p1)j =< 0jan(~p2; 2) ap(~p1; 1) replace the product of the
operators of annihilation of the neutron and the proton by the operator of annihilation of
the np{pair in the 1S0{state an(~p2; 2) ap(~p1; 1) ! anp(~P ;~k;S = 0), where ~P = ~p1 + ~p2,








e(~kD; D) [u(~p; p)γ
uc(~kD − ~p; n)]
 ayp(~p; p) ayn(~kD − ~p; n)
∫
d3r  D(r) e
i(~p− ~kD=2)  ~r;







5u(~P − ~p; 1)]
 an(~p; 2) ap(~P − ~p; 1)
∫
d3r  np(kr) e
−i(~p− ~P=2)  ~r; (3.14)
where E~p =
√
~p 2 +M2N. The spinorial parts of the wave functions of the deuteron and
the np{pair are given in terms of the Dirac bispinors in the relativistically covariant form.
The operators Eq.(3.14) can be involved into evaluation of low{energy nuclear matrix
elements through the reduction technique [22].
However, such a modication complicates the model substantially and goes beyond
the scope of this paper. Therefore, referring to the possibility to describing the factor
1=(1 + r2Dk
2)2 correctly in the RFMD the problem of this factor can be preferably solved
phenomenologically. In fact, since this factor is universal for all processes of the deuteron
coupled to the NN system in the 1S0{state at low energies, we suggest to multiply by a
factor 1=(1 + r2Dk
2) any amplitude of low{energy nuclear process of this kind obtained
near threshold, i.e. dened by the corresponding eective Lagrangian evaluated through













describing a spatial smearing of the deuteron coupled to the NN system in the 1S0{state
at low energies.
As a result the amplitude of the photo{magnetic disintegration of the deuteron ob-
tained in the RFMD is equal to







































where 0 is given by Eq.(3.2).
4 Anti–neutrino disintegration of the deuteron via
charged weak current interaction
The eective Lagrangian describing the low{energy nuclear transition e + D ! e+
+ n + n has been calculated in [5,6] through one{nucleon loop exchanges and in leading







5nc(x)] [  e(x)γ
(1− γ5) e(x)]; (4.1)
where GV = GF cos#C with GF = 1:166  10−11 MeV−2 and #C are the Fermi weak
coupling constant and the Cabibbo angle cos#C = 0:975 and gA = 1:267 [19];  e(x) and
 e(x) are the interpolating neutrino (anti{neutrino) and electron (positron) elds. The
amplitude of e + D ! e+ + n + n we obtain in the form









2 + i ann k
e(Q) [v(k¯e)γ(1− γ5)v(ke+)] [u(p1)γ5uc(p2)]; (4.2)
where the form factor FD(k




2 + i ann k) describes the nn interaction in the nal state which has been
taken into account by summing up one{nucleon loop diagrams, evaluated in leading order
in the large NC expansion, and renormalizing the wave functions of the neutrons. Since we
work in the isotopical limit, we set ann = anp = −23:75 fm and rnn = rnp = 2:75 fm. The
recent experimental values of the S{wave scattering length and the eective range of low{
energy elastic nn scattering are equal to ann = (−18:80:3) fm and rnn = (2:750:11) fm
[23,24].
The amplitude Eq. (4.2), squared, averaged over polarizations of the deuteron and
summed over polarizations of the nal particles, reads




























In the RFMD the momentum dependence of the amplitude of the anti{neutrino disin-
tegration of the deuteron agrees with that obtained in the PMA [25]. A much more
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complicated momentum dependence given in terms of the phenomenological form factors
has been suggested by Mintz [26].





jM(e + D ! e+ + n + n)j2
1
2








where ED, E¯e, E1, E2 and Ee+ are the energies of the deuteron, the anti{neutrino, the
neutrons and the positron. The abbreviation (cc) denotes the charged current. The
integration over the phase volume of the (nne+){state we perform in the non{relativistic






















































































where Tnn is the kinetic energy of the nn system, Te+ and me = 0:511 MeV are the kinetic
energy and the mass of the positron, Eth is the anti{neutrino energy threshold of the
reaction e + D! e+ + n + n: Eth = "D+me+(Mn−Mp) = (2:225+0:511+1:293) MeV =








x (1− x)F 2D(MNEth (y − 1) x)(
1− 1
2
rnnannMNEth (y − 1) x
)2











(y − 1)(1− x); (4.6)
where we have changed the variable Tnn = (E¯e −Eth) x. The function f(y) is normalized
to unity at y = 1, i.e. at threshold E¯e = Eth. Thus, the cross section for the anti{neutrino
disintegration of the deuteron reads
¯eDcc (E¯e) = 0 (y − 1)2 f(y); (4.7)

















= 4:58  10−43 cm2: (4.8)
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The value 0 = 4:58  10−43cm2 agrees with the value 0 = 4:68  10−43 cm2 obtained
in the PMA [25] (see Fig. 7 of Ref. [13]).
The experimental data on the anti{neutrino disintegration of the deuteron are given
in terms of the cross section averaged over the anti{neutrino energy spectrum [14]:
< ¯eDcc (E¯e) >exp= (9:83 2:04) 10−45 cm2.
In order to average the theoretical cross section Eq.(4.7) over the anti{neutrino spec-
trum we should use the spectrum given by Table YII of Ref.[14]. This yields
< ¯eDcc (E¯e) >= 11:7 10−45 cm2: (4.9)
The theoretical value Eq. (4.9) agrees good with the experimental one < ¯eDcc (E¯e) >exp=
(9:83 2:04) 10−45 cm2 [14].
5 Neutrino and anti–neutrino disintegration of the
deuteron via neutral weak current interaction
The amplitude of the neutrino disintegration of the deuteron caused by neutral weak
current e + D ! e + n + p can be evaluated by analogy with the amplitude of the
reaction e + D ! e+ + n + n through one{nucleon loop exchanges (see Ref.[6]) and in
leading order in the large NC expansion [1]:









2 + i anp k
 e(kD) [u(k0e)γ(1− γ5)u(ke)][u(p1)γ5uc(p2)]; (5.1)
where u(k0e), u(ke), u(p1) and u
c(p2) are the Dirac bispinors of the initial and the nal
neutrinos, and the nucleons. Then, the form factor FD(k
2) provides a spatial smearing of
the deuteron and the factor 1=(1− 1
2
rnpanpk
2 + i anp k) describes the np interaction in the
nal state.
The amplitude Eq.(5.1) squared, averaged over polarizations of the deuteron, summed
over polarizations of the nucleons reads


































jM(e + D ! e + n + p)j2








The abbreviation (nc) denotes the neutral current. The integration over the phase volume

































(y − 1)7=2 Ωnpe(y): (5.4)
The function Ωnpe(y), where y = E¯e=Eth and Eth = "D = 2:225 MeV is threshold of the


















(y − 1) x
1
(1 + (y − 1) x)2 ; (5.5)
where we have changed the variable Tnp = (E¯e − Eth) x and used the relation MNEth =
1=r2D at Eth = "D. The function Ωnpe(y) is normalized to unity at y = 1, i.e., at threshold
E¯e = Eth.
The cross section for the neutrino disintegration of the deuteron caused by the neutral
weak current e + D ! e + n + p reads
eDnc (Ee) = 0 (y − 1)7=2 Ωnpe(y); (5.6)














= 1:84 10−43 cm2: (5.7)
In our approach the cross section for the disintegration of the deuteron by neutrinos e +
D ! e + n + p coincides with the cross section for the disintegration of the deuteron by
anti{neutrinos e + D ! e + n + p, eDnc (Ee) = ¯eDnc (E¯e). Therefore, we compare our
results with the experimental data on the disintegration of the deuteron by anti{neutrinos
[14]. The experimental value of the cross section for the anti{neutrino disintegration of
the deuteron e + D ! e + n + p averaged over the anti{neutrino spectrum reads [14]:
< ¯eDnc (E¯e) >exp= (6:08 0:77) 10−45 cm2.
By using the anti{neutrino spectrum given by Table YII of Ref.[14] for the calculation
of the average value of the theoretical cross section Eq.(5.6) we obtain
< ¯eDnc (E¯e) >= 6:4 10−45 cm2: (5.8)
The theoretical value Eq. (5.8) agrees good with the experimental one < ¯eDnc (E¯e) >exp=
(6:08 0:77) 10−45 cm2 [14].
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6 Conclusion
The main goal of the paper is to show that: 1) Chiral perturbation theory can be
incorporated in the RFMD and 2) the amplitudes of low{energy elastic nucleon{nucleon
scattering contributing to the reactions of the photo{magnetic and anti{neutrino disin-
tegration of the deuteron can be described in the RFMD in agreement with low{energy
nuclear phenomenology.
By example of the evaluation of the amplitude for the radiative M1{capture n + p! D
+ γ we have shown that Chiral perturbation theory can be incorporated into the RFMD.
We have considered chiral meson{loop corrections from the virtual meson transitions
 ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ, where  is a scalar partner of
pions under chiral SU(2)  SU(2) transformations in (CHPT)q with a linear realization
of chiral U(3)  U(3) symmetry. These virtual meson transitions give contributions to









The eective magnetic moments 
()
N , caused by chiral meson{loop corrections, have been
evaluated in leading order in the large NC expansion [1] and renormalized according to
the renormalization procedure developed in (CHPT)q for the evaluation of chiral meson{
loop corrections (see Ivanov in Refs. [9]). Since the renormalized expressions should
vanish in the chiral limit M ! 0, the contributions of the virtual meson transitions
with intermediate {meson, nite in the chiral limit, have been subtracted [9]. Such a
cancellation of the {meson contributions in the one{meson loop approximation agrees
with Chiral perturbation theory using a non{linear realization of chiral symmetry, where
{meson like exchanges can appear only in two{meson loop approximation. The non{
trivial contributions vanishing in the chiral limit have been obtained only from the virtual
meson transitions with intermediate {meson. However, for the eective coupling nnγ
the contributions of the transitions − ! −γ, 0 ! 0γ and 0 ! !γ cancel each other
in the sum. This has given a zero value for the eective magnetic moment ()n . The
non{zero value has been obtained only for the eective magnetic moment ()p .
The numerical value of the cross section for the M1{capture accounting for the con-
tributions of the eective interactions Eq.(6.1) amounts to np(k) = 283 mb. This value
diers from the experimental one np(k)exp = (334:20:5) mb . The discrepancy of about
15% can be decreased by accounting for chiral meson{loop corrections from other virtual
meson transitions and the contribution of the (1230) resonance [8,11,17]. The evaluation
of chiral meson{loop corrections from any virtual meson transitions can be carried out by
using the procedure expounded above by example of the evaluation of chiral meson{loop
corrections induced by  ! (!; )γ, (!; ) ! γ,  ! (!; )γ and (!; ) ! γ virtual
meson transitions. For the investigation of the contribution of the (1230) resonance one
can follow the procedure of the inclusion of the (1230) resonance in the RFMD suggested
in Ref.[12] by example of the evaluation of the S{wave scattering length of low{energy
elastic D scattering.
Our result for the cross section of the M1{capture np(k) = 283 mb agrees with recent
result obtained in the EFT approach by Chen, Rupak and Savage [27]: np(k) = (287:1+
6:51 6L1) mb (see Eq.(3.49) of Ref. [27]), where the constant 6L1 has been xed from
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the experimental data. We argue that in the RFMD the contribution described by the
parameter 6L1 in Ref. [27] can be calculated in terms of chiral meson{loop corrections and
the (1230) resonance.
The cross section for the photo{magnetic disintegration of the deuteron γ + D! n + p
has been evaluated for energies far from threshold. For this aim we have taken into account
the np interaction in the nal state by summing up an innite series of one{nucleon loop
diagrams which have been calculated in leading order in the large NC expansion. This has
given the amplitude of low{energy elastic np scattering contributing to the amplitude of
γ + D ! n + p in the form agreeing with low{energy nuclear phenomenology, i.e. dened
by the S{wave scattering length anp and the eective range rnp. This result relaxes
substantially the statement by Bahcall and Kamionkowski [18] that in the RFMD due to
the eective local four{nucleon interaction Eq.(1.1) one cannot describe low{energy elastic
NN scattering in agreement with low{energy nuclear phenomenology. Nevertheless, the
problem of the description of low{energy elastic pp scattering accounting for the Coulomb
repulsion still remains.
We have shown that the dependence of the amplitude of the photo{magnetic disinte-




can be justied in the RFMD by means of the direct inclusion of the wave functions
of the deuteron and the np{pair in the 1S0{state. However, such an inclusion leads to
signicant complexication of the model consideration of which goes beyond the scope of
this paper. The problem of the factor 1=(1+ r2Dk
2), universal for all low{energy processes
of the deuteron coupled to the NN system in the 1S0{state, can be preferably solved phe-
nomenologically. Referring to the possibility to derive this factor in the RFMD by the
way having been discussed in Sect. 3 we have suggested to multiply the amplitudes of low{
energy nuclear transitions evaluated near thresholds by a factor 1=(1 + r2Dk
2). In other
words, we have introduced an universal form factor FD(k
2) = 1=(1 + r2Dk
2) describing a
spatial smearing of the deuteron coupled to the NN system in the the 1S0{state.
This procedure has been applied to the evaluation of the cross sections for the anti{
neutrino disintegration of the deuteron caused by charged e + D ! e+ + n + n and
neutral e + D ! e + n + p weak currents. The theoretical cross sections averaged
over the anti{neutrino spectrum < ¯eDcc (E¯e) >= 11:7  10−45 cm2 and < ¯eDnc (E¯e) >=
6:4  10−45 cm2 agree good with recent experimental data < ¯eDcc (E¯e) >exp= (9:83 
2:04)  10−45 cm2 and < ¯eDnc (E¯e) >exp= (6:08  0:77)  10−45 cm2 obtained by the
Reines’s experimental group [14].
The cross sections for the reactions e + D ! e+ + n + n and e + D ! e + n + p
have been recently calculated by Butler and Chen [28] in the EFT approach. The obtained
results have been written in the following general form  = (a + b L1;A) 10−42 cm2 (see
Table I of Ref. [28]), where a and b are the parameters which have been calculated in the
approach, whereas L1;A is a free one. Thus, unlike the cross sections given by Eqs.(4.7)
and (5.6), where there are no free parameters, the cross sections for the anti{neutrino
disintegration of the deuteron [28] as well as for the neutron{proton radiative capture
[27] calculated in the EFT approach depend on free parameters. Due to independence of
the cross sections Eqs.(4.7) and (5.6) on free parameters we can analyse and value in the
RFMD not only chiral meson{loop corrections but the corrections mentioned recently by
Vogel and Beacom [29].
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